A novel fluorescent co-polymer with an organoboron quinolate and an E-BODIPY (BODIPY: 4,4-difluoro-4-bora-3a-4a-diaza-s-indacene) moiety was synthesized with the aim of producing a donor-acceptor polymeric system where the organoboron quinolate acts as the donor and the E-BODIPY moiety is the acceptor. The polymer has three prominent absorption bands: 264 nm (corresponding to the organoboron quinolate), 397 nm (corresponding to the organoboron quinolate and BODIPY) and 516 nm (corresponding to the E-BODIPY moiety). Excitation of the organoboron quinolate at 264 nm resulted in emission at 525 nm, giving a 261 nm Stokes shift. Energy transfer from the donor (organoboron quinolate) unit to the acceptor (BODIPY) explains the origin of this large Stokes shift. 
Introduction
Four-coordinate boron compounds are interesting materials with attractive optoelectronic properties [1] [2] [3] [4] [5] [6] . They have found various optoelectronic applications, such as materials for organic light-emitting diodes [1] , sensors [7, 8] and biological imaging [9] . Among all the four-coordinate boron compounds, BODIPY (4,4-difluoro-4-bora-3a-4a-diaza-sindacene) has received great attention due to its superior properties such as high fluorescent quantum yields, high absorption coefficients, and high photostability [10] [11] [12] . Its derivatives have found widespread application in modern science and medicine [10] [11] [12] [13] . BODIPY derivatives have been used as acceptors and donors in energy transfer systems [10, [14] [15] [16] [17] [18] [19] . These systems have potential applications in dyesensitized solar cells [20, 21] , chemical sensors [22, 23] and photodynamic therapy [24] [25] [26] . Recently, several groups have reported homo polymerization and copolymerization of BODIPY monomers to concentrate several chromophores into one molecule. However, the fluorescent quantum yields (Φ) of conjugated BODIPY polymers are often significantly low when compared to individual BODIPY chromophores [27] [28] [29] .
Replacement of two fluorine atoms from boron of BODIPY (F-BODIPY) by other chromophores such as pyrene, anthracene, fluorene, etc., through ethynyl linking groups produces E-BODIPY molecules [19, 30] . It is known that excitation of the attached chromophore transfers energy efficiently to the BODIPY core which then emits at a longer wavelength [19, 30] . Chujo et al. synthesized an E-BODIPY monomer by replacement of the two fluorine atoms on the boron center of the F-BODIPY by 4-iodophenylacetylene to produce a polymerizable E-BODIPY fluorophore [31] . Copolymerization of the E-BODIPY fluorophore with diynes produced the fluorescent polymer in good yields [28] .
According to our knowledge, this is the only report published on the synthesis of E-BODIPY based polymers. In these systems the BODIPY and the monomer units are not in conjugation, hence they act as two independent chromophores. Unlike in main chain conjugated BODIPY polymers, these E-BODIPY polymers fluoresce in high quantum yields [31] .
Organoboron quinolates and their conjugated polymers have received significant attention due to their potential applications in organic light-emitting diodes (OLEDs) [1, 32, 35] . In all known organoboron quinolate polymers, the quinolate ligand is the acceptor while the aromatic π-conjugated main chain is the donor [32] [33] [34] [35] . Because quinolates absorb and emit at higher energy in comparison with BODIPY, we reasoned that a co-polymer of an organoboron quinolate and E-BODIPY would produce a new polymer where quinolate is the donor and the E-BODIPY is the acceptor. Surprisingly, to the best of our knowledge, synthesis of quinolate-BODIPY donor-acceptor systems has not been reported.
In this report we describe the synthesis and properties of a novel fluorescent co-polymer, where the E-BODIPY 3, acts as the acceptor and the unit formed from bis(4-iodophenyl)boron quinolate 4, acts as the donor. Because the emission spectrum of organoboron quinolate 4 overlaps significantly with the absorption spectrum of 3, efficient energy transfer from quinolate ligand to the BODIPY is expected.
Experimental

Instrumentation
Melting points were recorded on a Thermo Scientific melting point apparatus and are uncorrected. 1 H NMR (300 MHz) and 13 C NMR (75 MHz) spectra were recorded at room temperature on a 300 MHz JEOL nuclear magnetic resonance spectrophotometer. Chemical shifts are reported in parts per million (ppm), in CDCl3, using TMS as the internal reference (0.00). 1 H data are reported as follows: multiplicity (s = singlet, d = doublet, t = triplet, q = quartet, m = multiplet, br = broad). UV-visible spectra were recorded using a Varian Cary Bio 300 UV-Vis Spectrophotometer. Fluorescence spectra were recorded using a Horiba Jobin Yvon Fluoromax-4 spectrofluorometer. Quantum yields of 3 and the polymer 5 were measured using Rhodamine B as the reference (ф = 65% in ethanol). Quantum yield of monomer 4 was measured using 9,10-diphenylanthacene as the reference (ф = 90% in cyclohexane). Molecular weights (Mn and Mw) and polydispersity index (PDI) of polymers were determined using a GPC system consisting of Waters Alliance 2695 Separations Module, an on-line multi-angle laser light scattering (MALLS) Detector (MiniDAWN™, Wyatt Technology, Inc.) fitted with a Gallium arsenide laser (20 mW) operating at 690 nm, an interferometric refractometer (Optilab DSPTM, Wyatt Technology, Inc.) operating at 35 °C and 690 nm and two mixed DPL gel (Polymer Laboratories, Inc.) GPC columns (pore size range 50-104 Å, 5 µm bead size) connected in series. Freshly distilled THF served as the mobile phase and was delivered at a flow rate of 1.0 mL/min. (sample concentrations ~7.0 mg/mL, and the injection volume = 100 μL). Detector signals were simultaneously recorded using ASTRA software (Wyatt Technology, Inc.). High resolution mass spectra of the new compounds were obtained at the Department of Chemistry, University of Illinois at Urbana-Champaign.
Synthesis
All the chemicals were used as received from Aldrich without further purification unless otherwise stated. THF and diethyl ether were distilled from sodium and benzophenone under nitrogen, methylene chloride was distilled from calcium hydride prior to use. Crude products were purified by column chromatography on silica gel. Bis(4-iodophenyl)boron quinolate (4) was synthesized by a literature procedure [32] .
Synthesis of 4,4-difluoro-8-nonyl-2,6-diethyl-1,3,5,7-tetramethyl-4-bora-3a,4a-diaza-s-indacen (1)
To a stirred solution of 3-ethyl-2,4-dimethylpyrole (1.0 g, 8.1 mmol) dissolved in dry CH2Cl2 (40 mL) was added decanoyl chloride (1.2 g, 3.9 mmol) at room temperature. The mixture was stirred at 50 ο C for 2h, after which CH2Cl2 was evaporated under vacuum. To the residue, toluene (30 mL) and CH2Cl2 (10 mL) were added under argon, then triethylamine (2.6 mL, 18.6 mmol) was added. The mixture was stirred at room temperature for 30 min and then boron trifluoride diethyl etherate (4 mL, 31.56 mmol) was added. The mixture was refluxed at 50 ο C for 2h, after which the organic volatiles were removed under vacuum. To the residue water was added and extracted with CH2Cl2. The organic layer was dried over Na2SO4 and the solvent removed under vacuum. The purified product was obtained as a dark orange solid (62% yield). M.p.: 77-78 ο C. 1 H NMR (300 MHz, CDCl3, , ppm): 2.96 (t, J = 9.0 Hz, 2H), 2.48 (s, 6H), 2.39 (q, J = 7.6 Hz, 4H), 2.32 (s, 6H), 1.62 (br m, 2H), 1.48 (br m, 2H), 1.27 (br s, 10H), 1.04 (t, J = 7.6 Hz, 6H), 0.87 (t, J = 6.6 Hz, 3H). 13 nonyl-2,6-diethyl-1,3,5,7-tetramethyl-4-bora-3a ,4a-diaza-sindacene (2) Ethynyltrimethylsilane (0.24 mL, 1.72 mmol) was transferred to a Schlenk flask that was previously charged with anhydrous diethyl ether (15 mL). The Schlenk flask was cooled to -78 ο C and then n-BuLi (1.08 mL, 1.73 mmol) was added. The mixture was stirred at -78 ο C for 1 h and at room temperature for 30 min. The mixture was then transferred to a solution of 1 (338 mg, 0.78 mmol) in THF (50 mL) at room temperature. The mixture was stirred at room temperature for 30 min., diluted with CH2Cl2, and washed with water. After evaporation of solvents the crude mixture was purified to yield an orange solid (52% yield). M.p.: 120-122 ο C. 1 Synthesis of 4,4-ethynyl-difluoro-8-nonyl-2,6-diethyl-1,3,5,7-tetramethyl-4-bora-3a,4a-diaza-s-indacene (3) Compound 2 (500 mg, 0.83 mmol) was dissolved in methanol (10 mL) and transferred to a mixture of NaOH (665.7 mg, 16.64 mmol) and methanol (20 mL). The mixture was stirred at room temperature until complete consumption of starting material was observed by TLC. The mixture was diluted with CH2Cl2, washed with water, and dried over anhydrous Na2SO4. The solvent was evaporated and the residue was purified to yield an orange solid (76% yield). M.p.: 74-76 ο C. 1 
Synthesis of 4,4-trimethylsilylethynyl-difluoro-8-
Synthesis of polymer 5
To a Schlenk flask monomer 3 (100 mg, 0.022 mmol), monomer 4 (123.4 mg, 0.22 mmol), and freshly distilled THF (5 mL) were added, followed by a solution of Pd(PPh3)4 (25.4 mg, 0.022 mmol), CuI (4.20 mg, 0.022 mmol), and THF (5 mL), previously prepared in a glove box, and Et3N (4 mL). The mixture was stirred at room temperature under argon for six days, the solvent was evaporated, and the residue was extracted with CH2Cl2, the extract dried over Na2SO4 and the solvent evaporated. The crude was dissolved in a small amount of CH2Cl2 and poured into a large excess of methanol to precipitate the polymer. The polymer was collected by vacuum filtration, dried under vacuum and it was obtained as a deep red solid in 34% yield. 1 
Results and discussion
Synthesis of compounds 1, 2, 3 and the polymer 5
Compounds 1, 2, 3, 4, and the polymer 5 were synthesized as it is shown in Scheme 1. Compound 1 was treated with the ethynyl anion to yield exclusively 2, no monosubstituted compound was observed. The trimethylsilyl group of 2 was removed with NaOH to yield 3 as the major product and a small amount of the monodeprotected product was isolated (11%). All the compounds were air stable. BODIPY compounds with ethynyl groups attached to positions 2 and 6 are unstable and highly reactive due to the extended conjugation. However, the monomer 3 with two ethynyl groups at the boron center is stable, possibly due to the lack of conjugation between ethynyl groups and the BODIPY core. The polymer was synthesized by Sonogashira coupling of the BODIPY 3 with the quinolate 4 and isolated as a stable red solid.
Photophysical properties
The UV-Vis absorption and fluorescent experiments for monomers and the polymer were carried out in CH2Cl2 (1.0 × 10 -5 mol/L) using a Varian Cary Bio 300 UV-Vis Spectrophotometer. The bis(4-iodophenyl)boron quinolate (4) has a strong absorption at 264 nm and a weak absorption at 397 nm (Figure 1 ). The BODIPY derivatives 1, 2, and the BODIPY monomer 3 show strong absorptions ~518 nm, that is attributed to the S0-S1 (π-π*) transition of the BODIPY moiety [36] , while the weak band around 370 nm is attributed to the S0-S2 (π-π*) transition [36] . No significant change in the absorption maximum of S0-S1 transition was observed in the polymer when it was compared with the absorption in the spectrum of monomer 3 ( Figure 1 , Table 1 ). This can be explained by the absence of π-conjugation along the polymer main chain due to the tetrahedral boron hybridization in the BODIPY moiety. However, the absorption band at 376 nm of the polymer 5 is a 9 nm red shift compared to the band corresponding to the S0-S2 transition of the monomer 3 and a 21 nm blue shift in comparison to the absorption peak at 397 nm of the quinolate monomer 4 ( Table 1) . Quantum yields of the monomer 3 and polymer 5 were measured in CH2Cl2 using Rhodamine B (ф = 65% in ethanol) as the reference [37] and 9,10-diphenylanthracene (ф = 90% in cyclohexane) [38] was used as the reference for quantum yields of monomer 4. Quantum yield of monomer 4 in CH2Cl2 was only 24%. Chujo et al. [32] suggested that the low fluorescence quantum yield is due to the presence of two iodine atoms that quench fluorescence by heavy atom effect. The BODIPY monomer 3 emits at 525 nm with 94% quantum yield in CH2Cl2 (Table 1) . Excitation of the BODIPY units of polymer 5 at 516 nm resulted in emission at 525 nm which is exactly the same as the emission of monomer 3. The quantum yield was found to be 67%. Excitation of the organoboron quinolate band of the polymer at 264 nm also resulted in emission at 525 nm corresponding to emission of BODIPY units of the polymer giving a 261 nm Stokes shift. Emission from the quinolate moiety was completely quenched (Figure 1b) . The lack of quinolate emission and the origin of the large Stokes shift can be explained by the energy transfer from the organoboron quinolate unit to the BODIPY moiety [14, 19, 30] . Excitation of the peak at 376 nm can excite both quinolate and BODIPY chromophores but no emission through quinolate chromophores was observed. The visual colors of monomers 3, 4 and polymer 5 resulted from the exposition of their solutions at 254 nm using a hand held UV lamp is shown in Figure 2 . The absence of emission from the BODIPY moiety in monomer 3 and its presence in the polymer 5 when they are excited by UV irradiation of 254 nm was consistent with the fluorescence data. The efficiency of energy transfer (EET) from quinolate when excited at 264 nm to the BODIPY unit was calculated using Equation 1 [14] . The energy transfer efficiency was found to be 99.6% which explains the efficient quenching of quinolate fluorescence. This novel donor-acceptor polymeric system shows superior properties such as high fluorescence quantum yield, high energy transfer efficiency and absorption in a wide spectral range, compared with other organoboron quinolate polymers [32] [33] [34] [35] . The fluorescence quantum yield of the polymer is also higher than other BODIPY based conjugated polymers [10, [27] [28] [29] . This system combines desirable properties of both BODIPY and quinolate ligand while preserving their original photophysical characteristics. 
Conclusions
In conclusion, we have synthesized a novel donor-acceptor polymeric system with alternating 4,4'-ethynyl BODIPY and diphenylboron quinolate units. Upon UV irradiation the diphenylboron quinolate (the donor) transfers its energy efficiently to the BODIPY unit (acceptor), which then emits in the visible region giving a large virtual Stokes shift. Due to strong absorption in the UV region, efficient energy transfer and the high fluorescence quantum yield, the novel quinolate-BODPY polymeric system may have potential applications in dye sensitized solar cells.
